NONHUMAN GENETICS

Strong male bias drives germline mutation in chimpanzees
Oliver Venn, 1 Isaac Turner, 1 Iain Mathieson, 1 * Natasja de Groot, 2 Ronald Bontrop, 2 Gil McVean 1 † Germline mutation determines rates of molecular evolution, genetic diversity, and fitness load. In humans, the average point mutation rate is 1.2 × 10 −8 per base pair per generation, with every additional year of father's age contributing two mutations across the genome and males contributing three to four times as many mutations as females. To assess whether such patterns are shared with our closest living relatives, we sequenced the genomes of a nine-member pedigree of Western chimpanzees, Pan troglodytes verus. Our results indicate a mutation rate of 1.2 × 10 −8 per base pair per generation, but a male contribution seven to eight times that of females and a paternal age effect of three mutations per year of father's age. Thus, mutation rates and patterns differ between closely related species.
A ccurate determination of the rate of de novo mutation in the germ line of a species is central to the dating of evolutionary events. However, because mutations are rare events, efforts to measure the rate in humans have typically been indirect, calculated from the incidence of genetic disease or sequence divergence (1) (2) (3) (4) . However, high-throughput sequencing technologies have enabled direct estimates of the mutation rate from comparison of the genome sequence of family members (5) (6) (7) (8) . Unexpectedly, these studies have indicated a mutation rate of, on average,~1.2 × 10 −8 per base pair per generation, or~0.5 × 10 −9 per base pair per year, approximately half that inferred from phylogenetic approaches (1, 9) . Moreover, they have demonstrated a substantial male bias to mutation, such that three to four times as many autosomal mutations occur in the male compared to the female germ line (6, 7) . Male bias is largely caused by an increase in the rate of paternal but not maternal mutation with the age of the parent; approximately two additional mutations per year of father's age at conception (7) . This difference is consistent with ongoing cell division in the male germ line but not in females (10) .
An alternative approach for estimating the extent of male bias is to compare rates of sequence divergence on the autosomes (which spend equal time in the male and female germ lines) and the X chromosome (which spends two-thirds of the time in females) (2, 11) . Such indirect approaches broadly agree with direct estimates in humans, but suggest that male bias may be stronger in chimpanzees (12) . To test this hypothesis, we sequenced the genomes of nine members of a three-generation pedigree of Western chimpanzees, Pan troglodytes verus (Fig. 1A and fig. S1 ). One trio was sequenced at high depth (average 51×), while other family members were sequenced to an average of 27× (table S1). We inferred the structure of recombination and transmission across the pedigree (Fig. 1B) , which enabled us to detect de novo point mutations in regions of high sequence complexity and to remove artifacts caused by mismapping, sequence that is absent from the reference genome, and reference misassembly (13) .
We used a probabilistic approach that, at a given site, compared the likelihood of different models for genetic variation inconsistent with the inferred transmission: genotyping error at a segregating variant, de novo mutation, singlegene conversion event, segregating deletion and erroneous call (Fig. 1C) . The design was expected to enable haplotype phasing through transmission for 99.2% of sites that were heterozygous in the founders and 87.5% of de novo mutation events inherited by chimpanzee F (Fig. 1A) . Read-based phasing was used to phase de novo events in other offspring, and we performed independent validation to assess the accuracy of de novo variant calls. The false-negative rate was estimated from alleledropping simulations (13) .
Across the genomes of the nine pedigree members, we called 4.1 million variants [single-nucleotide polymorphisms (SNPs) and short insertions and deletions (indels)] using a mapping-based approach and 3.0 million variants using an assembly-based approach (14) . Genotype data confirmed expected pedigree relationships ( fig.  S2 ). The intersection of call sets (1.6 million sites with a transition-transversion ratio of 2.2) established the underlying structure of recombination and transmission across the pedigree with a robust version of the Lander-Green algorithm ( fig. S3 ). Briefly, this is a two-stage strategy of identifying dominant inheritance vectors over 1-Mb intervals, followed by fine-mapping of crossover breakpoints, which guards against problems caused by false-positive variants and genotyping errors (13) . Across the pedigree, we identified 375 cross-over events, with a distribution similar to that of human homologs, with the exception of human chromosome 2, which is a fusion of the chimpanzee chromosomes 2A and 2B (15) (Fig. 2A,  fig. S4 , and tables S2 and S3).
Overall, we estimate the sex-averaged autosomal genetic map length to be 3150 cM [95% equal-tailed probability interval (ETPI) 2850 to 3490], compared to 3505 cM in humans (16, 17) . On the X chromosome, we detected nine cross-over events in the non-pseudoautosomal (non-PAR) region, indicating a female-specific genetic map length of 160 cM (95% ETPI 83 to 300), compared to 180 cM in humans. On the pseudoautosomal region (PAR), we detected four male cross-overs, giving a male-specific estimate of 34 cM (95% ETPI 28 to 180; tables S4 and S5), in agreement with estimates in humans (13) . Males have 58% of the autosomal cross-over events of females and, unlike females, show an increase in crossover frequency toward the telomere (Fig. 2B ), similar to humans ( fig. S5 ). We also observed a decrease in cross-over frequency with maternal (2.65 cM per year, linear model P = 0.025), but not paternal age (Fig. 2C) . However, this observation could be explained by between-female variation (linear model P = 0.13, allowing for a maternal effect). The median interval size to which cross-over events can be localized is 7.0 kb, with 95% of all intervals localized to within 80 kb (excluding complex cross-over events), with crossover events enriched in regions inferred to have high rates of recombination from patterns of linkage disequilibrium (18) (fig. S6) .
Conditional on the inferred transmission, we used a probabilistic approach to identify candidate de novo mutations among all variants called by the mapping approach, incorporating uncertainty in the inferred genotype through the use of genotype likelihoods (13) . Across the pedigree, we identified 204 autosomal de novo mutations (2 of which are multinucleotide variants) that pass thresholds for evidence ( fig. S7 ), purity, and consistency ( fig. S8 and table S6 ).
Several lines of evidence indicate a low falsepositive rate. First, none of these sites were called as variants in the genomes of 10 unrelated chimpanzees from the same subspecies (18) . Second, the transition-transversion ratio of the candidate de novo events (2.16) is comparable to that for segregating variants. Third, the transmission of candidate de novo events in chimpanzee F to her offspring is consistent with expectations. Finally, we used a genotyping platform to validate all de novo events identified in chimpanzees F and I. Of the 61 sites with valid assays (18 failed design), 1 is a false positive, indicating a false discovery rate of~2% (table S7) . To estimate false-negative rates, we used allele-dropping simulations, with empirical distributions of coverage and allele balance. Within the F 1 generation, the falsenegative rate is estimated to be 3.4%. However, the F 2 generation has a higher rate (23%), arising from lower coverage (25.6×) in founder chimpanzee C. False-negative rates were used to correct subsequent regression analyses (table S8) . On the X chromosome, we identified three de novo point mutations.
As expected (1), a high fraction of de novo mutations are C>T transitions at CpG sites [24% of all point mutations, compared to 17% in humans (7); likelihood ratio test (LRT), P = 0.03], and even after accounting for such mutations, we see a trend toward AT bases (73 G/C>A/T, 55 A/T>G/C; ratio 1.3:1; LRT, P = 0.11; Fig. 3A) . We also found that point mutations tend to cluster within individuals at nearby locations, similar to observations in humans (8) . For example, 17% of all point mutations are within 1 Mb of at least one other mutation event in the pedigree, and in 41% of such cases, these all occur in the same individual (compared to an expectation of 13%; permutation P = 0.001). Notably, we validated all variants in clusters of 1 Mb or less in E and F, indicating that these are not false positives. The excess of within-sample clustering extends up to~200 kb ( fig. S9A ) and does not correspond to a single mutation type (e.g., CpG mutation). Moreover, the effect remains after increasingly stringent filters for specificity are applied ( fig.   S9B ) (13) . The finding of clustered point mutation events, which may potentially arise from correlated exposure to mutagens or variation in the efficacy of DNA repair, implies non-independence in the way novel variation enters a species and has consequences for interpretation of patterns of genetic variation. We do not observe enrichment around genes, repeat elements, or gaps in the assembly (fig. S10) .
To assess whether the rate of de novo mutation is affected by parental age, we used Poisson regression, allowing for family effects and separate linear relationships between age and mutation rate for males and females. Despite the small sample size, we find no evidence for either familial or maternal age effects (linear model P > 0.05), but we do find evidence for a paternal age effect (linear model P = 0.006) and consistency in effect on repeat and nonrepeat DNA backgrounds ( fig. S11 ). Although we cannot formally exclude the possibility of familial effects (6), our results are consistent with observations (7) that paternal age explains nearly all variation in mutation rate in humans. Bayesian linear regression, allowing for a paternal effect only and accommodating variation in false-negative rate, indicates a posterior mean paternal age of effect of 3.02 mutations per year ( Fig. 3B ; 95% ETPI 1.35 to 4.68). In contrast, the paternal age effect in humans is estimated to be 1.95 mutations per year [reanalysis of data from (6); 95% ETPI 1.65 to 2.26].
We ascertained the parent of origin of de novo mutations for chimpanzee F through transmission to the F 2 generation, finding that 30 of the 35 autosomal mutations occurred in the paternal lineage. We also found that 25% of de novo events could be phased directly from read-pairs spanning the mutation and a nearby heterozygous site that could be phased through transmission. Across the pedigree, we assigned 31 paternal and 6 maternal autosomal mutations (Fig. 3C) . Overall, we estimate the aggregate male-to-female mutation ratio, a = 5.5 (95% ETPI = 3.0 to 10). The point estimate is 40% higher than that reported for humans (7), though it is close to estimates from chimpanzee-specific divergence rates on the X and autosomes (12) . In contrast to indirect approaches (3), we find no evidence that different types of mutation have different values of a. For example, a at CpG sites is 5.3, compared to 5.6 at non-CpG sites. Combining data across all mutation types and using available parent-of-origin information in the Bayesian regression model indicates that, on average, mothers contribute 6.7 de novo mutations (95% ETPI = 3.5 to 10.3) and each additional year of paternal age generates 3.0 mutations (95% EPTI = 1.2 to 4.4; fig.  S12 ), with the onset of mutation occurring at 8.1 years of age (95% ETPI = 0 to 12 years), consistent with the onset of spermarche in chimpanzees of 7.5 years (19) .
Within the pedigree studied, the average number of autosomal de novo mutations occurring in each generation is 35, lower than current estimates for humans of 74.4 (7, 9). However, the parental ages in the Western chimpanzee pedigree (averages of 18.9 for males and 15.0 for females) are lower than estimates of parental ages in the wild (24.3 for males and 26.3 for females), which are lower than estimates for humans (31.5 for males and 25.6 for females) (20) . Using the fitted model for mutation rates, we predict that the average number of autosomal de novo mutations per offspring in the wild should be~69. We estimate the length of the autosomal genome accessible in our study to be 2360 Mb across the autosomes (table S9) , indicating a mutation rate of 1.2 × 10 −8
per base pair per generation and a to be 7.8 (table S10) .
Under a model in which the mutation rate increases linearly with parental age, the rate of neutral substitution is the ratio of the average number of mutations inherited per generation to the average parental age. We predict the neutral substitution rate to be~0.46 × 10 −9 per base pair (bp) per year in chimpanzees, compared to estimates in humans of~0.51 × 10
These results are consistent with near-identical levels of lineage-specific sequence divergence (12) but surprising given the differences in paternal age effect. In the intersection of the autosomal genome accessible in this study and regions where human and chimpanzee genomes can be aligned with high confidence, the rate is slightly lower (0.45 × 10 −9 bp −1 year
) and the level of divergence is 1.2% (13) , implying an average time to the most common ancestor of 13 million years, assuming uniformity of the mutation rate over this time (95% ETPI 11 to 17 million years; table S11).
Increased male bias can explain low levels of diversity on the chimpanzee X chromosome (21, 22) . Taking into account differences in generation time and effective population size, we predict that X-chromosome diversity should be 56% that of autosomes (assuming equal and constant effective population sizes for males and females; table S10), comparable to empirical estimates (21, 22) . Similarly, our results predict that the X-chromosome rate of divergence is lower in chimpanzees than humans (74% of the autosomal rate in chimpanzees, 85% of the autosomal rate in humans). Previous explanations for unusual patterns of X-chromosome diversity and divergence include a complex speciation event (23) , extensive natural selection on the X chromosome (22) , or, as supported by this study, a greater male mutational bias in chimpanzees (12) . This is likely related to differences in mating system between the species, with chimpanzees showing higher levels of sperm (B) Relationship of recombination rate to relative telomere proximity demonstrates a telomeric effect in males, which is absent in females. (C) Relationship between parental age and the number of cross-over events in mothers and fathers for the two family groups. competition through multiple mating and a higher relative testes mass than humans (0.27% of average adult male weight versus 0.079%) and higher levels of sperm production (24, 25) . If differences in male mutational bias are to explain observed patterns of divergence, then gorillas would have a male mutational bias lower than that of humans arising from decreased sperm competition (12) . Our results suggest that variation in mating patterns between species can affect the sex bias of mutation and motivate the wider study of mutation rates and relationship to parental age across species. Netrins are secreted proteins that regulate axon guidance and neuronal migration. Deleted in colorectal cancer (DCC) is a well-established netrin-1 receptor mediating attractive responses. We provide evidence that its close relative neogenin is also a functional netrin-1 receptor that acts with DCC to mediate guidance in vivo. We determined the structures of a functional netrin-1 region, alone and in complexes with neogenin or DCC.
Netrin-1 has a rigid elongated structure containing two receptor-binding sites at opposite ends through which it brings together receptor molecules. The ligand/receptor complexes reveal two distinct architectures: a 2:2 heterotetramer and a continuous ligand/receptor assembly. The differences result from different lengths of the linker connecting receptor domains fibronectin type III domain 4 (FN4) and FN5, which differs among DCC and neogenin splice variants, providing a basis for diverse signaling outcomes.
N etrins, acting as both attractants and repellents, regulate neuronal migration, axon guidance, and synaptogenesis (1-4). In nonneural tissues, netrins have a variety of functions, including promoting cell adhesion and invasion, leukocyte migration, angiogenesis, and cell survival (5). Netrins contain an N-terminal laminin domain (LN, also known as domain VI), followed by three cysteine-rich LN-type epidermal growth factor (EGF)-like modules (LE1, LE2, and LE3; also known as domain V), and a small positively charged C-terminal domain (LC). In mammals, the secreted netrins-1, -3 and -4 are only distantly related to the glycosylphosphatidylinositolanchored G netrins (6, 7) .
Netrin actions are mediated by distinct receptors (4). Deleted in colorectal cancer (DCC) mediates attractive responses to netrin-1, whereas Unc5 proteins, alone or with DCC, are required for its repulsive effects (4, 8) . The ectodomain of DCC is composed of four immunoglobulin-like domains and six fibronectin type III (FNIII) domains. The DCC FNIII repeats mediate interactions with netrin-1 through its LN-LE region (9) (10) (11) . That region, when added as an Fc-fusion protein, is sufficient to mimic the axon outgrowth activity of full-length netrin-1 (12) . Neogenin is structurally similar to DCC and binds netrin-1 and -3 (12, 13), but also binds the structurally distinct repulsive guidance molecule (RGM) (14, 15) . Knockdown analysis in zebrafish supports a role for neogenin in mediating axonal attraction to netrin (16) , but this role has not been established in mammals, where it has mostly been studied as an adhesive factor (17) and a putative guidance receptor for RGM (15) .
We revisited the role of neogenin in netrin attraction while studying commissural axon attraction to a netrin-1 source at the spinal cord midline. Defects in this guidance in human leads to neurological syndromes, some of which result from mutations in DCC (18) (19) (20) . Prior analysis suggested that DCC mediates the entire attractive effect of netrin-1 because the phenotype observed with a commissural axon marker, antibody 4D7 to TAG-1, appeared stronger in Dcc mutant than in netrin-1 mutant embryos (21) . As new markers became available (22), we reevaluated embryos mutant for Dcc or netrin-1. Commissural projections develop between embryonic days 10.5 (E10.5) and E12.5, when spinal cord shape changes rapidly. To minimize artifacts from variation in embryo size and stage across litters, we compared size-matched embryos that were littermates from intercrosses of compound heterozygous animals. By using an antibody to Robo3 (22) in E11.5 Dcc mutant embryos, we observed only a 55% reduction in width of the ventral commissure compared with wild-type littermates, less than in netrin-1 −/− embryos, which had a 78% reduction (Fig. 1, A and E) . The same was seen with a new antibody to TAG-1 (Fig. 1A) and with antibodies to the axonal marker neurofilament-M (Fig. 1A) . The difference with the prior study appears to result from 4D7 giving weaker labeling of commissural axons that is also influenced by Dcc expression (fig. S1 ). Thus, the guidance phenotype is actually less severe than in Dcc than in netrin-1 mutants, suggesting an additional netrin-1 receptor(s) contributes to residual attraction in Dcc −/− embryos.
